Escape rooms are a popular recreational activity which involves solving a series of puzzles within a time limit to 'escape' the fictional setting they are in. As a fun, collaborative learning activity, escape rooms are increasingly finding their way into the classroom. Players know if they have solved a puzzle by finding a 'key' which they use on a lock. A lock and a timer, therefore, are a minimum resource requirement for supporting classroom escape rooms, aside from the puzzles themselves. In this paper we present an open-source, reprogrammable numerical keypad-based lock (decoder) with an integrated timer. The complete design, bill of materials and assembly instructions are globally available to anyone wishing to use them. The cost of a single complete system is $30.00 AUD. The design provides a platform to suit educators who are interested in implementing escape rooms in the classroom and want complete control of their own keys. The escape room decoder has been used for escape room scenarios by over 450 participants and has shown great flexibility over many different subject areas.
I. INTRODUCTION
In escape room games, participants play the role of story characters locked in a room. They use whatever is in the room to solve puzzles and decipher codes to escape [1] . They have a limited time to do so, and escape can lead either to another room from which players continue to solve puzzles, or to the exit. Starting in Japan in 2007, there are now thousands of escape rooms globally [2] . They have been so popular that they are even driving international tourism [3] .
The puzzles found in escape rooms have been classified as physical and mental [4] . With physical puzzles, manipulation and engagement with real-world objects is required to overcome the challenge and get the reward. Traditional escape rooms provide a series of custom rooms which are fully decorated in keeping with the narrative of the game. However, other variants on escape rooms include online games and board games. Consequently, a specialised room facility is not required to run an escape room. With mental puzzles, a player needs to make use of their thinking skills and communication skills (in a team setting) to arrive at an answer. These puzzles can take the shape of various diabolical flavours including numerical, linguistical, and logical. Later puzzles The associate editor coordinating the review of this manuscript and approving it for publication was Chin-Feng Lai . may also be built from combinations of previous puzzles (meta-puzzles).
We present the design of a numerical keypad-based lock (decoder) shown in Figure 1 . While a physical room is not necessarily required for running an escape room activity, some sort of locks are required, along with a timing device. One option for resourcing locks for an educational escape room would be to buy a large bag of standalone configurable VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ combination padlocks and manually keep track of times for each player or team of players. This manual overhead doesn't scale well with larger groups. We would argue that it should improve management logistics and coordination by using a device which allows the instructional designer to configure the number of locks (and keys per lock) and has a built-in timer. In terms of the puzzles for which such a device can assist, a numerical keypad-based lock is naturally limited to puzzles where the solution to the puzzle(s) are numbers. Consequently, this decoder may be easier to deploy in STEM-based escape rooms than in other educational settings. Full step-by-step instructions and file downloads have been provided here [5] .
As an open source release, the device that we are presenting here (as-is) can be used, studied, copied, modified, and redistributed without restriction, or with restrictions that only ensure that further recipients have the same rights under which it was obtained [6] . Releasing a device into an educational field under the open source banner is not new, the Open Source Physics website has been sharing simulation and modelling tools for computational science since 2010. While we are releasing this device to specifically support educational escape room games, the use of games in education is also not new. In the online space for example, Khan Academy R has been gamifying mathematics education since 2008, and Codecademy R has been gamifying computer programming education since 2011. In traditional education, one pilot school called Quest to Learn delivers the entire 6-12 curriculum through gaming [7] . This paper is structured as follows. In Section II we discuss the requirements for a decoder which can support the running of an educational escape room. In Section III we discuss the components which are required to build a decoder and summarise assembly instructions for these components. In Section IV we discuss pilot tests of our decoder. Finally, we reflect on the degree to which our requirements were met and discuss future directions in Section V.
II. REQUIREMENTS
Before discussing the requirements for our escape room decoder we need to be clear about our design scope, specifically with respect to what we are not attempting. There have been eight general challenges identified in the design of an escape room [8] . These challenges and their relation to the scope of our design is shown below in Table 1 .
We now analyse the design context in terms of the international standard ISO/IEC 25010:2011 [9] which defines a framework for system quality. Note that not all characteristics are created equal. We have summarised and omitted characteristics that were irrelevant to this design context. This framework consists of two components: the quality in use model and the product quality model. The quality in use model (see Table 2 ) is composed of five characteristics that relate to the outcome of the interaction with the system and characterises the impact that the product can have on stakeholders. On the other hand, the product quality model (see Table 3 ) is composed of eight characteristics that relate to static and dynamic system properties.
III. MATERIALS AND METHODS
Our low-cost escape room decoder (see Figure 2 ) does require assembly by someone with a basic electronic background and simple tools (soldering iron, screwdriver, pliers and cutters). The bill of materials for our components is shown in Table 4 . Our design is completely customisable, allowing someone with a more advanced electronic background and assembly skills to use different components or to introduce new electronic components.
The only parts that were not off the shelf were the decoder enclosure and keypad bracket (3D printed with PLA), the fascia (lasercut acrylic or 3D printed) and the PCB. The enclosures and brackets were printed on an Ultimaker 3 printer and took approximately 9 hours per pair with a layer height of 0.2mm.
The decoder is controlled using the open-source Arduino Nano USB microcontroller which is widely used in embedded systems and robotics [10] . It may be a little intimidating to begin with, but this platform is based on easy-to-use hardware and software that was aimed at students without a background in electronics and programming, and there is a sizable and enthusiastic development community online. It runs on both Mac, Windows, and Linux PCs, and comes with its own user interface, which needs to be installed on one of these machines in order to configure and reconfigure our decoder program (see Figure 3 ).
For our decoder's power design we needed to calculate our battery requirements with respect to our performance capacity requirements. By summing the average power required by our microcontroller and LCD screen (210mW) and multiplying by our total system lifetime of 5 hours, this produced a minimum power requirement of 1.05Wh. Therefore 3xAAA batteries, providing around 4.5Wh, significantly exceeds this power requirement and would theoretically be able to power this system for over 20 hours.
The high-level assembly and commissioning are as follows [ 
IV. RESULTS
We assembled a complete decoder, which was relatively easy to construct from the parts shown in exploded view in Figure 4 . Assembly takes approximately 15 minutes for a trained technician. We connected this decoder to the PC, opened the Arduino User Interface, and configured the decoder using the code shown in Figure 3 with the following paramters.
• Key 1 = 5 • Key 2 = 9801 • Key 3 = 23466432 • giveClues = 1 (Every 5 minutes stuck in a puzzle one digit of the solution will be revealed)
• wrongAnswerPenalty = 1 (Every wrong answer will incur a 1 minute time penalty)
• countDownClock = 3300 (3300 seconds = 55 minutes of game time) In order to demonstrate that our device is working we decided to show the results of using branch coverage testing. Each one of the possible branches from each decision point is executed at least once, thereby ensuring that all reachable code is executed. We decided to run this test across all three keys, whose branch options are shown in Figure 5 . For these keys we decided to use different (representative) lengths: 1 (the minimum), 4 (the middle), and 8 (the maximum number able to be viewed on our display). Having a single digit key is reasonably easy to guess, on the other hand, guessing an 8-digit key is unlikely -there are literally about 100 million possible ways to get it wrong. However, a single digit may help to explain to new players how the decoder works. Having a single digit as the first puzzle would allow them to quickly understand how to use the decoder and also how it reacts to the entry of a number of incorrect keys followed by a correct key. The numbers that we chose to use for our keys, to test Figure 5 was {5, 9801, 23466432}. The results of our nine branch tests, with two incorrect keys entered per branch, are shown in Table 5 .
To get a better idea of what this actually looks like on the decoder, we show a series of photographs of the decoder after each key is pressed for Test 5 (9802), in Figure 6 , and Test 6 (9801), in Figure 7 .
Time penalties for incorrect guesses are configurable, ranging from no-penalty (enabling unlimited guesses within the time interval) to penalties increasing in 1 minute increments. Once the time limit has been reached (a possible combination of incorrect guesses and time elapsed) the game is over and the message in Figure 8 is displayed.
In addition to visual feedback on each guess (with the LCD screen), audible feedback has also been provided with different tunes for failed and successful attempts as shown in Figure 9 . To validate the decoder system within an educational context we have had a total of 450 participants take part in escape room activities across three separate departments with a breakdown as follows: Engineering (250), Mathematics (150) and Biochemistry (50). Escape room activities have targeted university students to supplement their study within subjects, secondary school students (aged 14-17) as an engagement activity and STEM based educators (both at secondary and tertiary levels). We have collected feedback results from participants and have had a series of focus groups with small groups of a subset of these students.
The educational escape room based activities do not involve groups of students separated into individual rooms, but rather groups of students around separate tables. The problems have been supplied in a series of envelopes and have included both paper based and physical hardware challenges as shown in Figure 10 . Students are instructed they can open the next envelope when the previous envelope has been successfully validated on the decoder box. These activities have been run as open-book/device activities which have allowed students to look beyond memorisation (as in the context of a traditional exam) towards application of information. We have created a variety of STEM based question across the following topic/skill areas: number base conversions, decoding waveforms, using multimeters, analysing patterns in numbers, digital logic propogation, biochemical reagents calculations, programming and arithmetic. Several of these problems didn't intrinsically result in a numerical answer so a look-up table (where different pictures each corresponded to a different digit) were used.
To further enhance participant immersion within the activity a written scenario is provided which provides context as to why the problems need to be solved and the time limit applied. We are currently have six different scenarios including: being trapped in a cold-war bunker, participating in a spy mission and treasure hunting within an Aztec treasurestore. These scenarios are currently provided in written form (with additional details provided in successive envelopes) but could be included as videos accessed via QR codes.
The participant feedback has been overwhelmingly positive with only two participants (one associate professor and one high school student) showing significant displeasure with the experience (no other participants indicated they disagreed or strongly disagreed that they enjoyed the activity). The student, unlike almost all of the other participants, had attempted the activity by himself and didn't have the benefit of collective wisdom and problem solving to apply to the problems. The associate professor was participating in an escape room well outside his area of expertise and felt he could contribute little. We followed up with a different set of problems with the associate professor which he completed with less trouble and has become an advocate for escape room adoption in teaching practice.
Participants have universally commented they prefer the physical escape room decoder hardware to an app or web based platform. They found the justification difficult to quantify except that they like the user interface of something physical rather than a computer based abstraction. Participants have rated the level of engagement they felt with the activity very high and commented they much prefer a teamwork assessment activity in this compressed form compared to a traditional semester-long group project where team members may be missing and contribute little.
Students participating in the activity reported that the activity was excellent in uncovering subject content they thought they knew but really only had a superficial understand of and areas they had a complete gap in their knowledge. Students reported the activity can be stressful but 'in a good way which was very rewarding'.
For one of the mathematics school engagement activities the escape room was completed as a round-robin activity in conjunction with four other mathematics based activities. Even though no students managed to escape (the students needed to be given a little more time) they strongly rated it the most popular activity of the day -demonstrating significant student engagement which transcends just winning.
V. CONCLUSION
In this paper we have provided an open-source and freely available design for a simple-to-build and customisable numerical key escape room decoder, based on an Arduino Nano, at a build cost of $30. Given the recognised teamwork and engaging nature of escape room activities we expect these will find their way into more STEM classrooms into the future. A working decoder, built from this design, has been evaluated through branch coverage testing. We now consider the extent our requirements were met and discuss future directions in which we are taking this work. In terms of meeting our requirements we refer back to our requirements columns in the two tables Quality in Use (Table 2 ) and Product Quality ( Table 3 ).
In terms of quality of use, we developed a decoder which allowed players to progress through a series of numerical keys which are time limited. Consequently, we are able to claim that our overall objective was largely achieved, that is, our decoder can support educational escape rooms. The decoders are completely independent -once configured, there are no limit on the number that could be deployed in a classroom.
Several educational escape room scenarios are thus possible. First, a single decoder could support an entire classroom, where everyone needs to work through the escape room together as a unit. Second, all members of a classroom could have their own decoder, and compete intensely as individuals. Finally, a set of decoders could support team-based escape room scenarios as a midpoint between these extremes.
In terms of product quality, our decoder allows players to enter a numerical key, compares this key with the answer, and either progresses players through the series of keys or indicates that this key was the incorrect solution. It also displayed the amount of time remaining to solve the current escape room puzzle. The decoder was reasonably portable, coming in at 250g in total, and software configuration can be reconfigured in approximately one minute. Configuration involves customising and loading an Arduino sketch once the decoder is connected to the PC.
An immediate extension that we are currently working on is to integrate WIFI into the boards. Deployment of a large number of devices currently requires individual configuration per device, we would like to be able to configure multiple devices (connected wirelessly) simultaneously. Furthermore, we believe that tracking the progress of individual decoders through WIFI would help an escape room designer to work out timing limits on testing with large groups to help teachers to identify outliers in performance.
Ultimately, the popularity of escape rooms means that their use in education is likely to continue to grow. We have recently used our decoders to run escape rooms in undergraduate digital electronics and biochemistry, both of which recieved very positive feedback from students [11] . We are hopeful that by making this device open-source it will support other pedagogical applications of escape rooms, particularly in the STEM space.
